Novel nanostructures such as vertically aligned carbon nanotube (CNT) arrays have received increasing interest as drug delivery carriers. In the present study, two CNT arrays with extreme surface wettabilities are fabricated and their effects on the release of recombinant human bone morphogenetic protein-2 (rhBMP-2) are investigated. It is found that the superhydrophilic arrays retained a larger amount of rhBMP-2 than the superhydrophobic ones. Further use of a poloxamer diffusion layer delayed the initial burst and resulted in a greater total amount of rhBMP-2 released from both surfaces. In addition, rhBMP-2 bound to the superhydrophilic CNT arrays remained bioactive while they denatured on the superhydrophobic surfaces. These results are related to the combined effects of rhBMP-2 molecules interacting with poloxamer and the surface, which could be essential in the development of advanced carriers with tailored surface functionalities.
Introduction
Carbon nanotube (CNT) arrays have recently attracted increasing interests in the development of novel and effective carriers for drug delivery systems and tissue engineering [1] [2] [3] . Pristine CNTs possess exceptional mechanical, optical and electrical properties, and a relatively good nanotube-cell and nanotube-tissue biocompatibility [4] [5] [6] . CNT arrays, which consist of vertically aligned individual or bundles of CNTs, show a high surface-to-mass ratio in addition to these excellent properties, and therefore are highly suitable for carriers with 5 Author to whom any correspondence should be addressed.
an increased loading efficiency. Moreover, the surface of CNT arrays can be easily functionalized [1] . These advantageous features have placed CNT arrays among the best candidates for economic, biocompatible and miniaturized drug delivery systems [7] .
Despite significant progress in device fabrication, the understanding of the mechanism of interactions between arrayed CNTs and proteins is far from complete. Such understanding is important as protein immobilization is a key process in the early stage of implanted CNT-based materials and determines many later cellular activities such as cell attachment and proliferation [8, 9] . Several surface physical and chemical properties, e.g. wettability, roughness and topography, charge and functional groups, have been extensively studied [10] [11] [12] [13] [14] . Among them, surface wettability has been identified as the prime factor that governs not only protein adsorption, but also protein-release kinetics over a long period of time [15] [16] [17] [18] . Unfortunately, surface wettability affects proteins in a complex way with a strong dependence on the protein type. For instance, bovine serum albumin (BSA), a protein frequently used as a blocking agent, adsorbs strongly on hydrophobic surfaces but poorly on hydrophilic surfaces [10, 11] . Ferritin and fibrinogen also showed similar adsorption behaviors as that of BSA, while fibronectin and some sera proteins adsorbed more strongly on hydrophilic surfaces than on hydrophobic surfaces [19] [20] [21] [22] .
Recently, surfaces utilizing a gradient wettability were engineered yet the wettability often varied in a narrow range [23, 24] .
In this study, we fabricate two CNT arrays with similar microstructures but vastly different wettability, and extend the study of protein release on nanostructural surfaces into two extreme conditions, namely superhydrophobicity and superhydrophilicity. Recombinant human bone morphogenetic protein-2 (rhBMP-2) is used as a model protein owing to its potential applications in bone regeneration and oral reconstruction [25, 26] . Our measurements of rhBMP-2 release show that a strong protein retention and a more sustainable release profile were achieved on the superhydrophilic surface, which can be further improved by using a poloxamer diffusion layer. Bioactivity analysis indicated that rhBMP-2 bound on the superhydrophilic CNT arrays retained their bioactivity but denaturized on the superhydrophobic CNTs.
These findings are important for utilizing CNT arrays in clinical applications and could also find medical applications in many biomedical devices functionalized with superhydrophilic or superhydrophobic coatings [27] .
Experimental details

Fabrication of superhydrophilic and superhydrophobic CNT arrays
The pristine CNT arrays which rendered superhydrophilicity were synthesized by using plasma-enhanced chemical vapor deposition (PECVD) [28] [29] [30] [31] . Briefly, a thin layer of Ni catalyst (10 nm) was firstly deposited on smooth Si surface (n-type) by using the electron beam evaporator (AUTO 306, Edwards). The catalyst was then loaded into the PECVD reactor and dewetted at 800
• C for 2 min in the presence of 240 sccm ammonia (pressure ∼10 mbar). Subsequently, a flow of 60 sccm acetylene was introduced and plasma was generated at a DC power of 80 W. CNT arrays were grown for 10 min with the working pressure kept at 12 mbar.
To prepare the superhydrophobic CNT arrays, the aforementioned pristine CNT arrays were placed on a metal electrode in the presence of argon gas (pressure ∼ 0.1 mbar). Ar + ions were then generated by applying a pulsed bias to the metal electrode at a voltage of −10 kV, a repetition rate of 500 Hz and a pulse width of 20 μs. After 5-10 min, pseudospherical amorphous carbon (a-C) nanoparticles were found on top of each nanotube [32] . This material was termed as ionprocessed CNT (ipCNT) arrays and the schematic illustration of their formation is shown in figures 1(a)-(c).
Surface wettability of both pristine and ipCNT arrays was determined by water contact angle measurements using the sessile drop method (OCA-20, Dataphysics). Scanning electron microscopy (SEM; JSM5910LV, JEOL) and transmission electron microscopy (TEM; JEM2010, JEOL) with an electron beam energy of 200 keV were used to examine the microstructure. Prior to TEM observations, the samples were sonicated in ethanol for 5 min in a bath sonicator. The suspension containing either nanotube was then dropped onto a holey carbon-coated copper grid and dried in air.
rhBMP-2 retention and release
Pristine, ipCNT and flat Si wafers (used as control samples) were placed in triplicate in a cell culture plate. The plate was then sterilized under UV light for 30 min in a biological safety cabinet (BSC). To ensure a fixed amount of protein loading and to mimic the protein delivery in real clinical procedures, 200 ng of rhBMP-2 (RnD Systems, Burlington) in distilled water was dispersed onto the surface of each substrate and dried overnight.
To measure the amount of released rhBMP-2, 1 ml of phosphate buffer saline with 0.1 wt% bovine serum albumin (PBS-BSA) was added to each well and maintained at 37
• C in an incubator. The PBS-BSA was replaced with fresh solution at 10 min, 1, 4 and 8 h, and after 1, 2, 4 and 7 days. The collected solutions containing released rhBMP-2 were stored at −20
• C and subsequently measured using an enzymelinked immunosorbent assay (ELISA; PeproTech, 900-K255) following the manufacturer's instructions [33] .
For the experiments with diffusion layers, sterile 33 wt% poloxamer 407 (Sigma Aldrich) in water was applied on top of the substrates after rhBMP-2 loading and left to dry overnight. The same procedures to measure the amount of released rhBMP-2 were then followed.
Bioactivity analysis
The bioactivity of rhBMP-2 bound on each substrate after release was evaluated using the mouse myoblast cell (C2C12)-based assay [34] . Briefly, C2C12 cells (ATCC, Burlington) with two passages were seeded onto the substrates at 0.5 × 10 5 cells ml −1 alpha minimum essential medium (α-MEM) with 15% fetal bovine serum. Additional C2C12 cells incubated in the medium with or without rhBMP-2 (40 ng) were used as positive and negative controls, respectively. The cell cultures were then terminated after 2 days and the cell layer was lysed in CelLytic (Sigma-Aldrich). The alkaline phosphatase (ALP) level of the lysates was determined using p-nitrophenol phosphate (pNP; Sigma-Aldrich) and normalized to the protein content determined using the Coomassie plus assay (Fisher Scientific).
Statistical analysis
All statistical analyses were performed using SigmaStat (v3.5, Systat) and all data was tested for normality. Normal data was compared by ANOVA with the SNK post hoc test, while non-normal data was compared using ANOVA on Ranks with Dunnett's post hoc test. The ALP levels measured from different substrates were compared with that of the substrate incubated without rhBMP-2. A p value <0.05 was considered significant.
Results and discussion
The SEM and TEM images of pristine CNT arrays are shown in figures 1(d) and (e), respectively. As one can see, an individual multi-walled nanotube has a diameter of 50-200 nm, a height of 1-2 μm and an inter-tube distance of ∼200 nm. These nanotubes are grown vertically owing to the plasma-sheath-oriented growth in the PECVD process [35] [36] [37] [38] [39] . On the other hand, the ipCNT arrays showed a slightly different microstructure. While the vertical alignment was retained, figures 1(f)-(i) indicated that pseudospherical nanoparticles with a diameter slightly larger than the nanotube were formed on the top surface, encapsulating each nanotube. The high-resolution TEM image and the selectedarea electron diffraction (SAED) pattern of the nanoparticles (figures 1(g)-(i)) revealed that they were amorphous carbon (a-C). We have previously shown that such formation was a result of energetic ion bombardment on CNT arrays which smashed the crystalline structure of CNTs and transformed them into an amorphous structure in the presence of a strong electric field [28, 35] . Figure 2 (a) shows that the pristine CNT arrays were superhydrophilic and a nearly 0
• contact angle was achieved when a water droplet was dispersed on the surface. In contrast, the ipCNT arrays featured superhydrophobic properties, as shown by a water contact angle larger than 150
• shown in figure 2(b) . This remarkable difference in surface wettability was attributed to different microstructure of the two materials. For the pristine CNT arrays, the top surface is comprised of Ni catalysts which have a contact angle of ∼70
• . When a water droplet was in contact with the surface, it could easily seep into the gaps between neighboring nanotubes through capillary actions, resulting in a complete wetting state (figure 2(c)) [40] . However, a slightly larger diameter of a-C caps gave a unique 'overhang' structure in the ipCNT arrays [41] . Although the hydrophobicity of a-C nanoparticles was similar to that of the CNTs, its pseudo-spherical shape required a large pressure for the water droplet to penetrate the surface and fill into the air gaps between neighboring nanotubes, a situation that was not facilitated in the present case. Contact angle θ of the ipCNT arrays arising from the combined effects of surface roughness and the unique 'overhang' structure is therefore given by the 'Cassie' equation [28] :
where ϕ s is the fraction of the solid surface in contact with the water droplet and θ s is the contact angle of a-C. This equation implies that, even though θ s is slightly hydrophilic, θ can be very large if ϕ s is small enough. Using the average diameter of a-C nanoparticles of 100 nm and the inter-tube distance of 300 nm ( figure 1(g) ), and θ s = 80
• for a-C [42] , the contact angle θ was calculated to be 153.8
• , in good agreement with the measurement.
With the prepared two CNT arrays having a similar microstructure but vastly different surface wettability, we then investigated their interactions with rhBMP-2, a protein that can stimulate the differentiation of human mesenchymal stem cells (hMSC) and promote bone formation in vivo [25, 26] . During rhBMP-2 loading, we noted that the protein solution rapidly filled the pristine CNT arrays and the morphology of arrays transformed into a 'pyramid' structure after drying (available in supplementary information at stacks.iop.org/ Nano/22/295712/mmedia). However, it retained a spherical shape and a large contact angle on the ipCNT arrays throughout the drying process (available in supplementary information at stacks.iop.org/Nano/22/295712/mmedia). These loading characteristics agreed well with their corresponding surface wettability and consequently affected their release profile, as described below. Figure 3(a) shows the release of rhBMP-2 measured at different time intervals. For the flat Si substrates and the superhydrophobic ipCNT arrays, there were large amounts of rhBMP-2 released over the initial 4 h, followed by a steady decline at subsequent stages. In contrast, relatively constant amounts of release, albeit fluctuating, were observed on the superhydrophilic pristine CNT arrays at all time intervals. The cumulative release of all three substrates is also shown in figure 3(b) . From these curves, one can see that the total amount of released rhBMP-2 was significantly reduced on both the superhydrophilic and the superhydrophobic CNT arrays as compared to the Si wafer, i.e. an enhanced retention was achieved. Notably, the cumulative release from the superhydrophilic CNT arrays at 24 h (1.87 ± 0.35%) was five times less than that of the Si wafer (10.04 ± 1.45%). Using nanostructured materials is known to increase protein adsorption through stronger interactions such as van der Waals and electrostatic forces [43] , as shown by our results here. In addition, the difference between the superhydrophilic and superhydrophobic surfaces also suggested that surface wettability affected the retention of rhBMP-2 and consequently the release profile both at the initial stage and in the long term. In the case of pristine CNT arrays, as the entire surface was wetted by rhBMP-2 solution, the contact area between the proteins and the nanotubes became much larger, resulting in stronger interactions and hence a maximum retention of rhBMP-2. In contrast, the superhydrophobicity of ipCNT arrays to a large extent prevented rhBMP-2 molecules from interacting with the nanotubes (available at stacks.iop.org/ Nano/22/295712/mmedia), thereby weakening the effect of a large surface-to-mass ratio which is considered beneficial for an enhanced rhBMP-2 adsorption.
The plots in figure 3 (b) also indicated that the release of rhBMP-2 was significant at the initial 4 h, accounting for ∼50% in the case of the superhydrophilic arrays and ∼80% in the cases of the superhydrophobic arrays and the Si control. This initial burst release has been one of the obstacles for implementing conventional carriers (e.g. collagen sponges, calcium phosphates, etc) in rhBMP-2 delivery [44, 45] . It could generate a high local rhBMP-2 concentration which is then lost prior to the arrival of the responsive hMSC at the repair site. Such a situation not only wastes a significant amount of the prematurely released rhBMP-2, but also potentially results in side effects in host body systems, including excess bone formation, immunogenicity, formation of bone voids and even cancer [46] .
An additional diffusion layer on top of the loaded rhBMP-2 was used to mitigate this problem. Poloxamer 407 was chosen as the diffusion layer because of its proven nontoxicity, demonstrated bone biocompatibility and effectiveness in delaying drug release [47, 48] . Another advantage of using this poloxamer is its reverse thermal property where it can change between a liquid and a gel at its transition temperature. For 33 wt% poloxamer 407, it is a liquid at 4
• C but acquires gel-like properties above 15
• C. We therefore were able to apply a cooled poloxamer to the surfaces as a liquid, let it become a gel and act as a diffusion barrier to the loaded rhBMP-2 upon warming to room temperature.
The same procedures to measure the release of rhBMP-2 were conducted for the CNT arrays coated with poloxamer. Figures 4(a) and (b) show the release at each time interval and the cumulative release, respectively. Compared with the previous results, the most significant feature was that no rhBMP-2 was detected on the superhydrophilic arrays during the initial 4 h and the maximum release rates for both superhydrophilic and superhydrophobic arrays were only observed after 25 h ( figure 4(a) ). This carrier structure with a diffusion barrier therefore showed a significant improvement in delaying the initial release, as compared to the simple dryloading method. In addition, we noted that in the long term the total amount of rhBMP-2 released from all substrates with this poloxamer structure was higher as compared to that from substrates without the poloxamer. The cumulative release has increased by 56%, 100% and 240% for Si, pristine and ipCNT arrays, respectively (figures 3(b) and 4(b)).
We attributed this observation to two possible complementary mechanisms. The first mechanism was related to the molecular structure of the poloxamer. Poloxamer 407 is a nonionic triblock copolymer which is composed of a hydrophobic backbone of propylene oxide (PPO) and two hydrophilic chains of poly(ethylene oxide) (PEO) [48] . The hydrophilic PEO chains may interact with loaded rhBMP-2 molecules, weakening their interactions with the nanotubes and dragging them into the aqueous solution, resulting in more rhBMP-2 detaching from the surfaces. Another possible mechanism was related to a process called the 'Vroman effect' [49, 50] . The 'Vroman effect' occurs when more than one protein species is adsorbed on the surface. An initially adsorbed protein could be slowly displaced by a second protein and released into solution if the second protein has a higher affinity to the surface. For example, when blood came in contact with a hydrophobic surface, fibrinogen adsorbed rapidly, but was subsequently displaced by apolipoproteins that were present at a much lower concentration but had a higher affinity to the surface [50] . In a similar fashion we postulated that the hydrophobic propylene oxide core of the poloxamer molecules had a higher affinity to the nanotubes than the initially adsorbed rhBMP-2. When the poloxamer was applied to the substrate it gradually displaced the weakly bound rhBMP-2 which was merely physisorbed on the surface. The displaced rhBMP-2 molecules could then be released into the buffer solution.
The preservation of native conformations of proteins is another important issue affecting the efficacy of carriers. Here the bioactivity of rhBMP-2 bound on the substrates was evaluated by using the C2C12-based assay, which was based on the principle that the level of ALP expressed by C2C12 cells is proportional to the amount of bioactive rhBMP-2 present in the incubation [34] . Both C2C12 cells cultured in the presence and absence of rhBMP-2 were also used as positive and negative controls. As shown in figure 5 , the ALP level was the highest for C2C12 cells incubated on the superhydrophilic CNT arrays; while a significant value ( * p < 0.01) was observed for cells incubated with 40 ng rhBMP-2 and on the Si control sample. This result implicated that the rhBMP-2 bound to the superhydrophilic CNT arrays and the flat Si substrate remained active. The highest ALP level in the superhydrophilic arrays was consistent with the previous measurements that more rhBMP-2 was retained on the surface. Figure 5 also showed that cells cultured on the superhydrophobic arrays did not display any significant increase in ALP activity as compared to cells cultured without rhBMP-2. This was a surprising result as it was shown in figure 3(b) that only ∼4%-loaded rhBMP-2 were released from the superhydrophobic samples (note that this estimate is accurate if protein binding to the walls of the cell culture plate is neglected). Although it was possible that surface roughness and chemistry could affect the ALP expression level [51, 52] , we attributed the lack of ALP to the denaturation of these proteins on the superhydrophobic surface. It has been demonstrated previously that many proteins could break their intramolecular bonds to establish new bonds between the polypeptide chain and the substrate upon contact with a hydrophobic surface [11, 21, 53] . The water structure in the vicinity of a hydrophobic surface may also be changed by the surface, forcing proteins to change their conformations even before they arrived at the surface and resulting in partial or complete loss of activity [53] .
Conclusions
In view of the potential applications of superhydrophobic and superhydrophilic surfaces, we have investigated the release of rhBMP-2 on both pristine and ipCNT arrays. It has been found that the superhydrophilic arrays retained more rhBMP-2 than the superhydrophobic ones. The use of poloxamer in rhBMP-2 loading also delayed protein release by creating a diffusion barrier, hence inhibiting the large initial burst commonly observed in conventional carriers. In the long term, the combined effects of rhBMP-2 interacting with the poloxamer and the surface resulted in a larger amount of protein released.
Additionally, it was shown that rhBMP-2 bound to the superhydrophilic CNT arrays remained bioactive while they denatured on the superhydrophobic arrays. These results are highly relevant to the development of next-generation drug, gene and protein delivery systems.
